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The role of H-glycosylation in the function of human acetyl- 
cholinesterase (HuAChE) was examined by sitc-sJirected muta- 
genesis (Asn to Gin substitution) of the three potential N- 
glycusylation sites Asn-265, Asn- 3 50 and Asn-464. Analysis of 
. HuAChE mutants, defective id a single or multiple N- 
gjycosylation sites, by expression in transiently or stably trans- 
fected human embryonal 293 kidney cells suggests the foJlowi&g- 
(a) All chjree AChE glyeosylation signals are utilised, but not all 
the secreted molecules are fully fcjycosylated. (b) Glycosylation at 
all sites is important for effective biosynthesis and secretion; 
extracellular AChE levels in mutants defective in one, two or all 
three sites amounted to 21) -30 %, 2-4 % and about 0,5 % of wild- 
type level respectively, (c) Some glycosylation mutants display 
impaired stability, as reflected by increased susceptibility to heat 



Lnaccivation; substitution of Asn-464 has. the most pronounced 
effect on thermostability, (d) Abrogation of N-glycosylation ha* 
no detectable effect on the enzyme activity of HuAChE ; all 
glycosyEacion mutants, including the triple mutant, bydrolyse 
aectylthiocholine efficiently, displaying K^. k nt and k^JK^ 
values similar to those of die wild-type enzyme, {e) In most 
mutants, inhibition profiles with edrophonium and bisquaternary 
ammonium ligands are identical with those of wild-type enzyme ; 
the Asn-350 mutants, however, exhibit a slight decrease in their 
affinity towards these ligands, (i) Elimination of oligosaccharide 
side chains has no detectable effect on the surface-related 
' peripheral-site* functions; like the wild-type enzyme, all mutants 
were inhibited by propidium and by increased concentrations of 
acetylthiocholine. 



WTRoaucnoN 

Post-translational glyeosylation can affect the biological activity 
of proteins, their transport towards the cell surface and the 
stabilization of their functional conformation (Chu et aL, 1978; 
Gibson et aL, 1979; Dubc et aL. 1^88; Matzulc et al., J 989; 
Sernenkovich et al., 1990). The acetylcholinesterases {AChE; 
EC 3.1.1.7), the main function of which is termination of 
acetylchoiinc-hiduccd nerve impulse transmissions at cholinergic 
synapse*, are multimeric glycosylated cctccnzymes- They are 
polymorphic in their quaternary structure (Massoulic and Boo, 
1982; Chatonnet and Lockridge, 1989: Taylor. 1991) and, like the 
related butyrylcholinesterases (BuGhE), carry various amounts 
of carbohydrate side chains attached to their core polypeptides 
(Liao ct al. t 1991, 1992; Treskatis et al., 1992). These carbo- 
hydrates are primaruy asparaguic-lmkcd side chains, as indicated 
by their susceptibility to specific sugar hydrolases (Liao ct al> 
1992; Krunman et a),, 1992) and by their selective affinity for 
lectins (Rotundo, 19S8; Kcrcm et al., 1993). 

Cholincsterase sequences display several potential N- 
giycosylation signals (Asn-X-Ser/ThrJ, but the number and 
location of these signals axe not well conserved throughout the 
cholinesterasc family. Human BuChE has nine potential sites 
(Lockridge et al.. 1987; Prody ct aL, 1987), Torpedo ctdifmnica 
AChE (VcAChB) has four sites (Schumacher et al., 1986) and the 
bovine enzyme has five sites (Doctor et aL, 1990). The human 
AChE (HuAChE) sequence (Soreq ct al., 1990), as well as the 
mouse and rat AChE (Rachinsky ct al., 1990; Legay et al, 1993), 
display only three potential asparagine-linlced glyeosylation sites, 
located at positions 265 (258), 350 (343) and 464(457) (number 
in parentheses corresponds to the analogous TcAChE position, 
according to nomenclature recommendations in Massoulie et al. 



(1992)]. These three N-giycosylation sites are conserved in all 
mammalian cholincsterase* sequenced to date (Gentry and 
Doctor, 1991) and may represent a Core of N-glycosylation 
targets required for their function. 

The role of N-glycosylation in cholineaterases is not fully 
understood, in vertebrate cholinesterases, catalytic polypeptides 
with different glycosylation patterns, have been isolated from 
different tissues (Bon et al, 19S7; Liao et aL 1992; Treskatis 
et aL J 992; Campoy el aL, 1992). fn one case at least, this 
variation was associated with differences in catalytic properties 
(Meflah et al.; 1984). In Drosophite AChE, on the other hand, 
mutagenesis of each one of the five potential N-glycosylation 
signals [none of which corresponds to sites conserved in mam- 
malia (Hall and Spierer , 1 986)] yielded enzyme molecules with 
wild- type activity (Mutero and Fournier, 1992). 

rierc we examine the role of the carbohydrate side chains in' 
cholincsterase function by site-directed mutagenesis of recombin- 
ant HuAChE, employing an optimized expression system for 
production of secreted enzyme (Vclan et aL„ 1 991 a; Kronman ct 
aL, 1992). This system is based on multipartite plasmids, carrying 
the human ache cJDNA under control of the cytomegalovirus 
immediate early promoter enhancer, which are transfected into 
human embryonal 293 kidney cells. To allow for stable and 
continuous expression, the vectors carry the neo selector gene 
under the control of the H2L d promoter. The use of the low- 
efficiency promoter H2L a (Kronman eta I., 1992) ensures selection 
of clones in which chromosomal integrations al transcriptionally 
active sites has occurred. These systems have been used to 
identify amino acid residues involved in catalytic activity, 
folding, post-cranslational processing and secretion of HuAChE 
(Shafferman et al., 1992a,b; Vclan et aL. 1991b; iCtrcm ct aL, 
1993; Ordcntuch et aL, 1993). In the present Study, we analyse 
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Figure 1 Slratofft for ganarrtos ol AChE mutant devoid of potential gtvcosylsCtoB sites 
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HuAChE polypeptides in which single or multiple N-grycosyl- 
ation signals have been mutated, and examine the biosynthesis 
stability and catalytic activity of ihe mutant enzymes. 

EXPERIMENTAL 

Construction of expression vectors lor AChE and AChE mutants 

Tripartite vectors (Figure lb) (Sharfemian et at, r 1992a), ex- 
pressing the human ache cDNA, the cat reporter gene (Gorman 
ct aL, J 982) and the selection marker neo (Southern and Berg, 
1982), were generated as outlined previously (Kronman et al., 
1992), Mutagenesis was performed by DNA cassette replacement 
into a series of HuAChE sequence variants which conserve the 
wild-type amino acids (Soreq et aJ., 1990), but carry new unique 
restriction sices based on the degeneracy of the genetic code. 
Detailed maps of the different human aeh* variants that express 
wild- type polypeptides are presented in Shafferroao. et al. (1992a), 
The cDNA spanning the asparagine t arretted for mutagenesis 
was excised by incision at the nearest restriction sites on the 
appropriate AChE cDNA variant and then replaced with a 
synthetic DNA duplex carrying the mutated codon. The N464Q 
mutant was generated by replacement of the BamHl-BamHl 
fragment of the native HuAChE cDNA. The distal BamHl site 
was elimiiiated on ligation, as the GGG codon of GIy-^487 was 
replaced by CGC Id the synthetic DNA duplex. The N350Q 
mutant was generated by substituting the Narl-Bg&l fragment 
of the human ache variant Ew5 {Shafferman ct ai. r 1992a). The 
N265Q mutant was generated by replacement of an Sail Af/ut 
DNA fragment in the ache variant Ew7 (Ew7 is a derivative of 
Ew5 in which new Sail and Mtul sites are engineered at codons 
246/247 and 27 '5/21 '6 respectively). All asparagine codons in the 
putative N-giycosylation sites were replaced by the CAG codon 



of glycine. Synthetic DMA oligodeoxynucleoudcs were prepared 
using the automated Applied BEosyatcms DNA synthesizer, and 
sequences of all cloned synthetic DN As were verified by the 
dideoxy sequencing method (USB sequcoasc kit). 

•Multiple substitution mutants were generated by cloning DNA 
fragments carrying the individual mutations into the tripartite 
vectors (Figure I b). The DNA fragments used were: fte/ElI-PmA 
fragment for the N265Q substitution* Pmfi-Bamhil fragment for 
the N350Q substitution and BevnHl-Hpal DNA fragment tor 
thcN450Q substitution (Figure U). 

Traisfectloii of cafe 

C&Cl-purined pLasmid preparations were used to iranstect human 
embryonal 293 kidney cells (Graham et al,> 1977) employing the 
calcium phosphate method (Wigler et al., 1977). Al least two 
differ cut clone isolates were tested for each plasmid construct. 
Transient transfection was carried out as previously described 
(Velanctah, 1991a). After 24 h, cells were transferred to medium 
(2 ml per 100 mm plate) containing 10% AChE-depleted serum 
(ShafTerman et aL, 1992a) and incubated for 48 h. Medium was 
collected and assayed for AChE; medium of mock-tranafectcd 
293 cells served as control. Cell iysatea were assayed for intra- 
cellular AChE and chloramphenicol acetyltransfcrase fCAT) 
activity (Gorman et al.. 1982). Stably transfected isolated clones 
ar pooled clones (about 50 clones per pool) were generated by 
G4J8 selected as previously described (Kronman et al., 1992). 

Analysis of recombinant HuAChE mutants 

ACh fc activity in medium of transfected ceils was assayed by the 
method of Ellman et al. (1961). Standard assays were performed 
in the presence of 0.5 inM acetyl thiocholine, 50 mM sodium 
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phosphite buffer, pH 8.0, 0.1 mg/ml BSA and 0.3 mM 5,5'- 
d«hiobis-(2-nitrobenzoic acid). The assay wait carried oui at 
27 °C arid monitored by a Thermomax inicroplate reader (Mol- 
ecular Devices). ACh£ protein majts was determined by e.LLs,a. 
based on polyclonal antibodies to native recombinant HuAChE 
(ShafTcrman et al., 1992a). This quantification was confirmed, 
whenever AChE quantities were sufficient, by immunoblots 
developed with conformation-independent anti-frecombinant 
HuAChE) antibodies {sec below). Activity and AChE protein 
levels of the individual mutants (average of four transactions) 
were calculated by normalization to CAT activity as described in 
detail previously {Shaffer man et a|., 1992a). In mutants secreting 
low levels of AChE, cell growth medium samples were concen- 
trated 1 0-fold by vacuum before quantification. 

values of the AChE mutants for acetylthiochoiine were 
obtained from Lincwcavcr-Burk plots and k ehS calculations were 
based on the polyclonal e.l j.s.a measurements. Interaction of the 
various mutants with AChE-specific inhibitors was monitored by 
comparing IC M values with those of wild-type enzyme as 
described previously (Snafferman ct al., 1992h). Bath the per- 
ipheral anioniosttc ligand, propidium, and the active-site in- 
hibitor, edrophonium* were employed. In addition, we included 
the two bisquaternary inhibitors, decaxnethonium and 
BW284C5 1 , which bridge the peripheral site and the active centre 
~of thtrenzyrncilbr review, see-Huchcret~alr (1991)J. 



SucrosB-densrly-gradlenl cenlriruoatfea 

Analytical sucrose-density-gradienl cencrifugation was per- 
formed on 5-25 % sucrose gradients containing 50 mM sodium 
phosphate buffer, pll 8.0. Ccntrifugation was carried out in an 
SW4I Ti Rotor (Beckman) for 22 hat 160000 ^(36000 rev./min) 
— ac^4_?C, Fraction* of-voiume 0.3 ml were collected and assayed 
for AChE activity. 

VteuafeaHon of AChE by SDS/PAGE 

Recombinant "HuAChE "was 'irnmunoprropitated from cell 
growth medium with rabbit an ^-(recombinant HuAChE) anti- 
bodies bound to -Sepha rose-as previously described (-Kcrcm-et-aL, 
1993). ImmuDoadsorpdon was carried out for 2 h at room 
temperature, and imrnunoprecipitates were clutcd from the 
Scphaxose beads by 30 tuin intubation with Laemrnli's sample 
buffer at room temperature. Irnmunoprecipiiatcd ACbE was 
subjected to SDS/PAGE (Laemmli, 1970) under reducing con- 
ditions and clectrobEottcd on to nitrocellulose filters. Immuno- 
blots were developed by immunostainiug with rabbit antibodies 
directed to bacteria-derived HuAChE polypeptides (Velon et al., 
1991b). 

Metabolic labeSflo and ImmBnapreclpttaUfln of proteins 

Cells were pretneubated for I h in metnionine-free Dulbccco's 
modified Eagle's medium supplemented with 10% AChfi- 
depletcd fetal calf serum. Cells were then labelled for 0.5 h with 
(^methionine (200/*Ci/ml; 1000 Ci/rnmol; Amersham) and 
chased in methioninc-containirig medium supplemented with 
20 /rg/ml aprotinin (Sigma). After various chase periods, culture 
media were collected and cells were washed and then lysed by a 
modification of previously described procedures (AmiUy ct al., 
1V91 ; Weiu and Proia, 1992). Lysis buffer consisting of 50 mM 
Tris/HCl pH7.4, 150 mM NaCL 1% sodium deo*yehoiatc, 
1% SDS, 1% Nonhlct P40, 20/Ag/ml aprodnin and 0.1 M 
iodoacetainide (freshly dissolved) was added to cellx fl ml of 



buffer, appro*. 10* cells}. Lysatcs were boiled for 5 min, cooled 
to room temperature, cleared by 15 rnin ccntrifugation at : 6000 j 
and then diluted 1 :4 in lysis buffer, to vtbich 10 mg/mJ BSA was 
added (iodoaceiamide was omitted). 

AChE was immunoprecipitated from cleared cell lysates and 
media with rabbit anti-(rccorabi riant HuAChE) antibodies 
(ShafTerman et al., 1992a) followed by precipitation with Protein 
A bacterial adsorbant (Biomakor) as 'described previously 
(Amitay ct al, 1991). 

RESULTS AND DISCUSSION 

Generation of glycotylaHon-biipalred AChE mutants 

Each one of the three N-glycosylation signals of the HuAChE 
catalytic subunit was rendered non-functional by DNA-cassette 
replacement mutagenesis (Figure la). The respective aaparagine 
codons were replaced by glycine codons to generate the three 
AChE mutants N265Q T N350Q and fCAG, the most 

commonly occurring glycine codon in HuAChE cDNA, was used 
in alt replacements). These single mutants were then used to 
engineer the double mutants N265Q/N350Q, N265Q/N464Q 
and N 3 50Q/ N464Q and the tri pl e mutant N26SQ ; N35QQ / 
N464Q which is devoid of any potential N-glycosylation sites. 
AH forms were integrated into multipartite expression vectors 
(Figure lb) and used for transient or stable transactions of 293 
cells. 

The effect of elimination of potential N-glycosylation signals 
on glycosylation level was analysed by. SDS/PAGE of secreted 
AChE mutant enzymes derived from isolated clones (sec below) 
of stably transfected ceils (Figure 2), Elimination of each 
individual glycosylation site at positions 265 r 350 and 464 resulted 
in a decrease in the apparent molecular mass of the HuAChE 
polypeptide as visualized by blotting and immunostaining (Figure 
2a). Accordingly* enzyme molecules with two mutations migrated 
faster than the single mutants, and the AChE subunit in which all 
-three N-glycoaylation-signaJs wcxe-mutated-migratcd even-faster 
(Figure 2b), forming a faint sharp band resembling the .V- 
glycanasc* treated wild-type AChE molecule (Kronrnan et al., 
1992). These results indicate that all three Asn-Xaa-Scr signals of 
HuAChE are actually glycosylated^ and agree mxh the three- 
dimensional model of HuAChE (Barak ct al., 1992) which maps 
the three relevant E^paragine moieties on the outer surface o!" 
molecule (Figure 3), The migration patterns depicted in Figure 2 
suggest that size heterogeneity characteristic of wild-type recom- 
binant HuAChE (Kj^ninan et al., 1992) originates from partial 
occupancy of one of the three glycosyiatiun signals. The fast 
migrating minor bund of the wild-type enzyme co-migrates with 
the major band of the single-site mutants, and the fast migrating 
band of the single-site mutants co-migrates with the major haod 
of the double-site mutant. Comparisoo between migration pat- 
terns of the various mutants (Figure 2) may also suggest that the 
major target for this partial glycosylation is Asn-350, as only 
N350Q mutants lack the accompanying fast migrating minor 
band observed In the other single-site mutants. 

Elimination of N-gJycosylation sicea did not interfere with the 
ability of AChE subunits to form thioMinked dimers, as reflected 
in sucrose^ensiry -gradient -sedimentation analysis (Figure 4). ft 
appears therefore that the oligosaccharide side chains do rtot 
affect the structural elements that hold the two subunits of the 
AChE homodimcr together. Indeed, none of the N-gJycosylation 
sites is in close proximity (Barak et al, 1992) to helices <xF'3 and 
a.H which form the foui-bciix bundle suggested by Susxraan et al. 
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Figaro 2 fifed of eilrainjtion cf N-gtycatylittDii signals m the ttactro- 
prnretic mow it/ at recombinant HuACftE 

'.VUd-type \WO recambirunl IfjACht and (he varies aivwytadon-site •stuns (cteslpiatBd Dy 
position nf the -nula&d aznaraglresj wera irrmuncprecipitated by specific arfltedies lr£*ti 
QiD*m raecurn of staflly transrectal cell lines. Supgnalanl til rtirvtamfected 293 cells served 
3$ cmygl. Sirroles «re oDtained 1rom done pools or selected : tares secreting 0.2-3 units/nil 
*fd-Type or mutard rscDUOinart HuACSE "ito rBtallw amount at AChE. In the various 
piapardiions is no! a Aired reilecilon <rt the producer efficiency of tte specific mutant, but 
rather of Ihs production ewl of cih individual cwH done usee. imrrtlPOpfedaltaw cf Indkicusl 
singte-site nutans fal as wll as mu lipa-i* ittutants (bi) Mrs subjected to SOS/PAGc dnder 
reducing conditions logetner wlm wild-Type ^inKinopmcipilatss. AChE elEctmbnited nn ig 
r-tocellulQse and~ViguaIliej ~bV itrmurnsiaining as dastflbed In :he E<penniEntaJ section. 
Mlgranon or Detained moiecLtaf mass marvel (Bto-ftaf marker is fujrceted by arrows. 



N-GlyeDsylallDii Ik required for efficient production ci recombinant 
HuAChE fcj transacted cells 

The effect of "N-glycosylalion on AChE production was examined 
in 293 cells transiently trains feet ed with vectors expressing wild- 
type iad mutant enzyme. Amounts of AChE secreted joco the 
cell growth medium were monitored by activity measurements as 
well as by c.l.i.s.a. of AChE polypeptide mass [normalized to 
levels of the co-cxprcsscd CAT (SharTcrman ct oL, 1992a)]. 



Results obtained by these two independent assay systems indicate 
that elimination of N-giycosylation sites has a pronounced effevt 
on HuAChE levels secreted hy the cells (Tahte I). The decrease 
in yields of HuAChE was proportional to the number of available 
N-glycosylauon sites. Elimination of a single site', two sites and 
all three sites resulted in secreted enzyme yields of 20-30%, 
2-^4% and about 0.5% respectively (Table I). Thus N- 
glycosylation at each of the chxee sites appears to be important 
for efficient production of HuAChE by the recombinant 293 
cells. One cannot overlook the possibility that the decrease in 
production reflects protein instability brought about by the Asa 
to Gin substitutions per se. However, when Asn-265 was sub- 
stituted with a residue with minimal spatial requirements, namely 
alanine, the mutant (N265A) displayed the same phenotypc as 
the N265Q mutant (&0 % decrease in enzyme secretion relative to 
the wild-type). Furtbcrmorcj wc note that all three mutated 
asparagines map to the exposed surface of the folded polypeptide 
(Figure 3) and are probably not essential for maintaining the 
conformation (AJber etal.> 1957; Wendell et aL 1992; Shaffer- 
man et aL, 1992a). 

The proposed influence of N-gJycosylation on the production 
of recombinant HuAChE is in contrast with observations made 
with glycosy la lion-impaired Drosvphila AChE in a Xettnpus 
oocyte expression system (Mutero and Foumier, 1992). Never- 
theless, recombinant HuAChE behaves like other cukaryouc 
glycoproteins, in which aberrations in posi-translational 
glycosylation lead to impaired biosynthesis (Dorner et ah, 1 987 ; 
Macbamer and Rose, 1988; Matzuk and Bonne, 1988; Trim ct 
ai:ri992; Weitz and Praia, 1992). 

Secrttlon-incflnipetenl molecules are formed la cdls producing 
HiAfilE gtycnsytetiim mutants 

Analysis of the events leading to the low production of AChE by 
glycosylation-impaircd mutants relied on intracellular chase of 
mctaboIicalJy labelled molecules. To this end, we decided to 
generate stable cell clones expressing the various HuAChE N- 
glycosyiation mutants. Whereas stable clones expressing the 
"single-s»te~glycosytation~ mutants were quite readily obtained, 
producer clones for multiple-aite mutants could be established 

_or»1y-for_the-double-mutan t_(N350Q/N 464Q) 

Pulse-chase experiments performed with the stable clones 
indicate that glycosylation affects the secretion pathway of 
recombinant HuAChE. In the wild-type enzyme, the majority of 
the newly synthesized AChE polypeptides were secreted from the 
cells within 6 h, and were recovered efficiently in the medium 
(Figure 5a), in accordance with previous observations (fCerem et 
aL, 1993). In the doubte-site mutant (N350Q/N464Q), only a 
small fraction of the labelled HuAChE molecules were secreted 
from the cells into the medium, whereas moat of the newly 
synthesized mutant polypeptides were retained within the cells 
and could be recovered in lysates even 24 h ailer the pulse 
(Figure 5b). Retention of non-secrctcd AChE was also detected 
in ceils expressing the single-site mutant N265Q, although in a 
smaller proportion than that observed for the double mutant. 

Cell-associated AChE catalytic activity amounted to 6-8 % of 
total activity produced withju 24 h by cell cultures expressing the 
glycosylat ion-site mutant AChEs, irrespective of location i>r 
number of N-glyccsyiation-site mutations. This value was ident- 
ical with that observed in cells expressing wild-type recombinant 
HuAChri. The accumulation of inununOrcaetivc AChE suggested 
hy the pulse-chase experiments (Figure 5) was not accompanied 
by a concomitant increase in cell-associated enzyme activity. 
Thus the AChE polypeptides retained in cells expressing the 
double mutant N r 350Q/N464Q appear to be non-avtjve. 
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-Figure 3— Mapptafl if the putative N-gtynuyUdfln twgeti an HiAChE 

7hrefrr.:ireft5ibn2l carboiva backbore trace oF H'jACfcE, highiig|v.ing resktuK Asn-265. Asn 150 and Asrv464 as well as ihe aafoe-3ta triad flp. m& centre). The threesdtmensiEnaJ rnocel sf HjAC!* 
(Ba/ak et s... 1992J a based on me sHtciwe T. caiitcmxx a^ymc (Sutsman ct al.. TMIJl 
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Rotra 4 SucrosB-derwHy-jradlint profits al HaACJiE Nacosy tertian 

^il 3rwtn sup&TO&nB from 293 clone pao s «pressipg >ild-type AChE (112 ini/gradlenO or 
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TiWa 1 3 acre Ben Js**U of HuACh£ by cells tnwsfeclMf wto 
N-g^eosylalkrhtRe mutant* 

HuAChE itinibf (nunibVrectwred trcra calf aupafpaant ol a ioo rcnrculturepiatB 43 n after 
transection Is givan. Values are CAT-rHKmalirerJ (Shatterman et aL 1992b) and represent ih9 
mesp^S.c.M. ct nuadrupiittb lianstediors. HuACnE (ng) r«to*rec from cell supenaaffl a 1 
a 100 mm culture parte 48 h atier iransfectlon was deteimned by e:.i.$.a.; i-alaos *re CAT- 

normalised 3$ jIkw 
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N26SQ/W5DQ 
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N35DQ/N464G 


17 + 2 
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4 


M26SQ/N35DQ/N«4Cr 


3 ±0.4 


0.35 


Q.fl+Q.4 


C6 



" Values lor ihe triple rnu&rn we measured In lO tatd concentred cutlm? suc^r^rt. 



AH these observations suggest that elimination of N- 
g!ycosy3acion sites leads to a less efficient, folding of the nascent 
AChE polypeptides. Injhc double-site mutant N350Q/N464Q 
(Figure 5), where the fat£ of newlv synthesized molecules could 
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Hgom 5 Time course tor secretion ql wltd-rypa recomhluit H**CtiE ui* the N3S0Q/H4WQ mutant 

Caned Mils OTtfirg upw- 3D uilts/n w H-r>tK (a) or approc. jrrfs/m N3iOQ/h464Q ib) rfuAChE were ?uS9- : aQeitetf wifc [ 3? S]/nelriioaine for 30 min ana cusfio Inr various bires as 
irifllcaiBd. Recombinant K-jAOiE was -irnmurtfipradptaita Irom saltifiilized cells ana Irom nsCta Non-translfccted 293 cells serves as <»rt«l. lmntunop»clpllaiBC AChE*«5 grated by SDS/PAGr 
undsr ranging ccrtdiHons and vlsuailzeo by tacs-Bpl-y. Erasure lima of UuorografJt's #*s usually 2 days, bul ihi nuorograpn of N3SQQ/hW64a AChE srertitea Into trie malum was exposed 
tor 4 osys. Posltwps d molecular-si^ manas (presumed Bio-Had standards] are Kfmn ait iro right r>b). 



be followed, the majority of the AChE molecule* appear to 
undergo aberrant folding into non-active secretion-incompetent 
forms,-which are trapped in the ccU, It is not clear whether the 
accumulated intracellular AChE ia deleterious to the cells, but 
one could speculate that formation of intracellular non-active 
AChE pools may be responsible tor difficulties in generating cell 
lines expressing oiher multiple^iiie glycosyfation mutants, in 
spite of repeated attempts. 

N-glycusylallon contributes to HaACAE stability 

The effect of N-glycosylarion on thermostability of secreted 
HuAChE molecules was examined by comparing the time- 
dependent loss of activity at 55 °C in wild -type and mutant 
enzyme (Figure 6). The wild-type enzyme, as well as ail mutants 
tested, exhibited a hiphasic inactivatiou pattern (Edwards and 
Brimijoin, 1983; Vclan ct aL, 1991b). which is characteristic of 
multimeric choliiiesteraies [the major populatioa in each of the 
pooled-clone preparations used consists of dimeric forms (Figure 
4)]. Loss of aide -chain glycam affected AChE inactivation to 
different extents* but in all cases the effect on the first phase 
appears to be more pronounced than that on roe second phase. 
Of the single-sice mutants examined, the N350Q mutation bad no 
effect od the hcat-uxucavation pattern, the N265Q mutadon had 
a minor effect, and the N464Q mutation led to a significant 
decrease in thermostability (the half-life of the first phase is 
2.2 min compared with 4.5 min for the wild- type). The double 
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Prxtkms o* sail arowth supamstsni irom saWa clone ooqIs. ^^^J^^Ss* 
wikuype or rnmani ACtiEs. were incuaatad al 5S *C ,n Iha presEns" & hu*c**!£ 
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functions o' N-gJycGsylation in 3cetycnol;n«sterase 



S5S 



mutants arc more thennosensitive than the single mutants, and 
molecules that include the N464Q substitution are the most 
sensitive. The rank, order of tberroosensitivity among douhle 
mutants is N350Q/N464Q > N265Q/N464Q > N265Q/N350Q 
and the corresponding half-lives for the first component of the 
curve are 0.0, 1.2 and 2.0 rnin respectively* The thcrmosensitivity 
of che two double mutants carrying the N350Q substitution was 
greater than the sum of effects of the two corresponding single 
mutations. This synergism emphasizes the role of all the side- 
chain glycans in maintaining the mature enzyme in a thermo- 
dynarnically stable configuration. Accurate heat-inactivabon 
analysis of the triple-site mutant wax prevented by the low 
production level of these molecules. It appears, however, that the 
triple mutant is less thermostable than any of the double mutants. 
One is tempted to draw correlations between the role of glycans 
in generating stable secretion-compatible ACh£ configurations 
during the intracellular folding process and secretion, and their 
role in conferring resistance against thermal inactivation on the 
mature molecule. The overall N-glycosyLation level evidently 
plays a key role in hoth processes, but correlations at the level of 
individual glycosyEation sites cannot be found (for example the 
highly thermosensi tive N464Q mutant is secreted at the same 
efficiency a* other single-site mutants; compare Tabic 1 and 
Figure 6). This highlights the fact that the thermodynamic 
considerations for formation of the folded polypeptide and those 
for maintaining the stability of the folded polypeptide arc not 
necessarily similar. 



N-llnked oligosaccharide sJda chains are nol required for catatytfc 
activity af recombinant HuAChE 

In contrast with the significant effect on polypeptide biosynthesis, 
perturbation of N -giycosylation had uo detectahle effect on 
AChE catalytic activity of the secretion-compatibJc molecules. 
Specific activities calculated from Ihe enzyme activities of the 
various giycosylation mutants and the respective c.LLs.a* values 
(SharTexnran ct al_, 1992a) were found to be comparable with the 
wild-type value of about 6"+. 2 munits/ng (TabJc 2). The fact 
that none of the mutants exhibited a higher apparent specific 
activity indicates that tack of giycosylation does not affect the . 
efficiency of the c.J.i.s.a. (the bulk of polyclonal antibodies used 
in the assay probably interact with non-^ugar epitopes). 

Comparison of the catalytic constants for the hydrolysis of 
acctyithiocholine further establishes the similarity in the catalytic 
efficiency of the various giycosylation mutants. The A*^, k ctu and 



fe -«./*sn mTe not affected by any of the mutations (Table 2). 
Even HuAChE molecules devoid of all three giycosylation 3ites 
exhibited normal catalytic properties. Nevertheless, some dif- 
ferences between mutants were revealed when interaction with 
the active-site Uganda was studied. AChE molecules carrying the 
N350Q substitution, alone or in combination with (he other 
mutations, were less susceptible Co inhibition by edrophonium, 
decamcthonium and BW284C51 (Table 2). These results could 
indicate that the elimination of che oligosaccharide side chain 
attached to Asn-350 triggers a subtle conformational change at 
the active centre which affect* interaction with the bulky inhibitor 
molecules. Interestingly, as noted above, a HuAChE glycoforra 
lacking giycosylation at Asn-350 is probably generated during 
biosynthesis of the wild-type enzyme in recombinant cells (Figure 

Catalytic functions, in which the AChE peripheral anionic 
sites are believed to participate, were analysed by examining 
interactions with the selective ltgand propidium as well as 
inhibition by increased concentration of substrate. All single-site 
and double-site mutants were inhibited by propidium at com- 
parable efficiencies (Table 2) and exhihited the characteristic bell- 
ahaped curve in response to high acetyl thiocholinc concentration 
(not shown). It appears therefore that the side-chain oligo- 
saccharides do not alfect surface-related AChE catalytic func- 
tions. 

Taken together these results indicate that N-glycusylaiion 
contributes to the secretion-compatibEe folding of the AChR 
polypeptide in Che cell and to conformation stabilization there- 
after. Nevertheless, glycosylatioa-deucicni molecules that escape 
the secretion-related restrictions are secreted in a folded form 
that permits all che interactions pertinent to catalysis. "This 
conclusion is also substantiated by reports on in vitro refolding 
of denatured non-glycosylated bacteria-derived recombinant 
cholinesterases into catalyticaJly active polypeptides (Masson ct 
aU 1992; Fisher et aL, 1993). 

Cholinesterases with different giycosylation patterns (probably 
generated through differential utilization of giycosylation sites or 
of biosy nthettc pathways) have been isolated from various tissues 
of the sarnVspKesTThisrwas repof\£dTfor~Eiecrroj>horus AChE 
(Bon ct ah, 1987), bovine and human AChE (Meflah et al., 1984; 
Xiao-ex-al.,-i99l 1 -l992)-as well as for chicken BuChE (Trcskatis 
et al., 1992). Only in bovine leucocytes {Meflah et al r , f9&4) was 
the different giycosylation pattern associated with -differences in 
enzymic properties. 

The various recombinant HuAChE giycosylation variants 
generated here through elimination of N*glycosylacion signals 



Tib* 2 Cavils fuicttoits ot HuAChE 4ntf III muni it; 

Wttd-typa 4uAChE values fir tfroprtorta. pmpidiLm. decanwhonlwn and 3WZ0iCS1 ars - .1, 1 5. &.£ and aooa j*SA resuectrrely. Aoetyliilocroififl at 0.5 tM was used in .nNaitkm sitdiss. 
Hesulls are meaiu+SE.M. for tour dercrrntnations. HO. notfelwrocd. 
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clearly exhibited very similar hydrolytic potentials. This was also 
true for recombinant HuAChE products in which additional 
glycosylatioa sites resembling those pnewnt ia bovine A.CbE 
were engineered into the human enzyme (B. Vcian, C. Kronrnan, 
A. Ordentlich and A. Shafferman, unpublished work). These 
observations suggest that differential gJycosyJation of choliri- 
est« rases m vivo is nor invotved in generation of variability in 
the catalytic profile, but h rather related co tissue-specific 
processes which eontroJ glycoprotein biosynthesis in different 
cells. It is still possible, however, that N-glycosylation has a 
spec ilk' role in the, as yet unsolved, non-cholinergic functions 
of chotinesterases in differentiation and development (Patiakia 
ei &U 1990: Layer* 1992). 

This work was suprjeted by Hie «5 Army Research and Development Command, 
contract QAMD17-93-C 3042. We thank Oana 5ten, Jlerwna Zellger and Tamar Suy 
for Iheir excellent technical assistance and Dr. Ddv Barax and Dr Naomi Ariel lor 
mapping the putative ^lycosvlation site art the HuAChC three-dimensional 
model 
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